The authors examine the effect of seasonal crop development and growth on the warm-season mesoscale heat, moisture, and momentum fluxes over the central Great Plains region of North America. The effect of crop growth and development on the atmospheric boundary layer is addressed in a follow-up paper (Part II). Energy, moisture, and momentum fluxes are studied over a maize agroecosystem at the scale of a 90-km atmospheric grid cell. Daily plant development and growth functions incorporated into the surface flux calculations are based on a physiological crop growth model CERES-Maize version 3.0. CERES-Maize simulates daily plant growth and development as a function of both environmental conditions (temperature, precipitation, solar radiation, and soil moisture) and plant-specific genetic parameters. Plant growth and development functions from CERES were incorporated into the Biosphere-Atmosphere Transfer Scheme (BATS), and selected crop parameters [i.e., Leaf Area Index (LAI) and crop height] were validated against field data. The sensitivity of sensible (H ) and latent (LE) heat fluxes, and momentum flux () to interactively simulated LAI and canopy height was quantified.
Introduction
There is evidence that for large vegetated areas with little relief (e.g., the Great Plains of North America) climate simulations are improved through the interactive coupling of general circulation and mesoscale climate models with plant growth and development models (Xue et al. 1996; Tsvetsinskaya et al. 1999) . The significance of this research is in providing quantitative estimates of the effect of interactive representation of seasonal crop development and growth in a mesoscale climate model on the simulated heat and moisture fluxes and the structure of the planetary boundary layer (PBL) over the central Great Plains of North America.
In this paper, we first review the processes of land-atmosphere exchange and some of the modeling efforts, which have achieved our present understanding of the coupled land-atmosphere subsystems. Next, we discuss the interactive coupling of a crop model (CERESMaize) to the Biosphere-Atmosphere Transfer Scheme (BATS; Dickinson et al. 1993 ) and introduce a quasimechanistic (combination of deterministic functions and data parameterizations) interactive version of BATS. The interactive version of BATS accounts for plant seasonal development, growth (including biomass accumulation and allocation), and senescence, responding to hybrid-specific genetic parameters and environmental conditions (i.e., temperature, radiation, and water stress). Performance of both control and interactive versions of BATS for maize is validated over selected growing seasons against field data. We discuss the effect of interactively simulated plant growth and development on seasonal and interannual variability in surface heat, moisture, and momentum fluxes. The follow-up paper (Part II) discusses the dynamic response of a high-res-
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olution atmospheric model to surface forcing and examines certain conditions when plant seasonal growth can induce mesoscale circulations in the atmosphere. The null hypothesis that we are testing is that there are no substantial differences in surface fluxes of sensible heat, latent heat, and momentum, at the scale of a 90-km atmospheric grid cell, between the current version of BATS, BATS 1e, and the interactive version of BATS, BATS-GF, which incorporates CERES crop growth and development functions.
We chose maize as an agroecosystem of interest because it is a major staple crop grown in the central United States, and it exhibits significant seasonal changes in LAI and plant height. The area of corn production in the central Great Plains varies from 55% of land in Iowa to 46% in Nebraska, 30% in South Dakota, and 15% in Kansas (United States Department of Agriculture National Agricultural Statistics Service Agricultural Handbook Number 628).
Research to date
Terrestrial ecosystem processes strongly respond to atmospheric temperature, humidity, precipitation, and radiative transfer, as well as to surface hydrological processes including runoff, percolation, and snowpack accumulation and melt. Atmospheric processes including mesoscale circulations and the formation of clouds and precipitating systems can be highly dependent on surface heat and moisture fluxes, which, in turn, are largely determined by live and dead vegetation and soil moisture storage. Vegetation plays a major role in determining precipitation interception, runoff, and soil moisture removal via transpiration and evaporation.
At present, the land surface is represented in most three-dimensional climate models through biophysical models that provide estimates of energy, mass, and momentum fluxes in both space and time. These models represent one-way vegetation-atmosphere interactions. Typically, a biophysical model receives a set of climate variables from either the climate model (online simulations) or from observations (offline simulations). It then calculates the surface fluxes of heat, moisture, and momentum as determined by both climate inputs and surface parameters. The number of surface parameters depends upon the complexity of the model, but typically included are albedo (␣), leaf area index (LAI), canopy fractional cover ( f ), roughness length (z 0 ), canopy conductance (G s ), transmittance/reflectance, and leaf orientation. Examples of biophysical models include BATS (Dickinson et al. 1993) , Simple Biosphere Model (SiB; Sellers et al. 1986 ), Land Surface Model (LSM; Bonan 1996) , Land-Surface-Transfer Model (LSX; Pollard and Thompson 1995) , and Canadian Land Surface Scheme (CLASS; Verseghy et al. 1993) .
To account for spatial differences in surface parameters, biophysical models distinguish between a certain number of land cover types (18 in the case of BATS) and prescribe vegetation attributes to each type. These vegetation parameters are usually assigned as mean values for a given land cover type, or vary in accordance with simple climatologically prescribed functions (e.g., in BATS LAI is determined solely by subsoil temperature with no regard for soil moisture status). Examples of land cover classes include crop, irrigated crop, grassland, evergreen forest, desert, etc. The compilation of the 0.5Њ dataset of land cover types used in this study is described in Dickinson et al. (1993) ; the dataset is based on Olson et al. (1983) .
Recently, the most advanced surface models have attempted to represent seasonal variability through incorporating remotely sensed data to provide estimates of LAI and possibly soil moisture content as inputs into the surface models (Collatz et al. 1993; Sellers et al. 1992) . Prescription of LAI from Advanced Very High Resolution Radiometer (AVHRR) data improves estimates of mass and energy fluxes for the present climates for which such data are available since it allows for the mimicking of the seasonal cycle of vegetation growth and hence increases the realism of bioatmospheric flux parameterizations (Ciais et al. 1995) . While adding a great deal of realism to climate simulations, such an approach is limited to the short window of time for which remotely sensed data are available and cannot be used for long-term climate studies or sensitivity experiments such as 2 ϫ CO 2 climate simulations.
In most land surface models to date, plant growth (both above-and below-ground biomass accumulation and allocation) and development are poorly if at all represented. Such coarseness of vegetation models often results in biases in surface parameter calculations that are passed on to the atmospheric model. The failure to adequately represent root growth, for example, translates into the inability to simulate the conservation of soil moisture early on in the growing season that is used later in the summer, which skews regional-scale latent heat flux and precipitation calculations (Beljaars et al. 1996; Viterbo and Beljaars 1995) .
Another problem is that land surface models poorly represent agroecosystems. All agricultural crops, including such different crops as corn, wheat, and rice for example, are treated as one and the same land cover category, crops. The only distinction made is between irrigated and nonirrigated agriculture. Yet a number of studies made use of these models to evaluate the effect of land cover changes from forests and grasslands to agriculture on the climate of the North America and other regions (Chase et al. 1999; Bonan 1997; Copeland et al. 1996) .
Interactive coupling between atmospheric and terrestrial vegetation models is a relatively new endeavor. First attempts to incorporate interactive vegetation into surface models have been undertaken by Foley et al. (1996) , Dickinson et al. (1998), and Lu et al. (2001) . None of these groups, however, explicitly addressed the issue of detailed representation of agroecosystems. The VOLUME 14 Dickinson et al. (1993) . R smin is the minimum stomatal resistance (s m Ϫ1 ); LAI is the leaf area index (nondimensional); SAI is the stem area index (nondimensional); z 0 is the roughness length (m); ␣ is the vegetation albedo (in the visible and near-infrared portions of spectrum); f max is the maximum fractional vegetation cover (nondimensional). value of our study is in that we focus explicitly on agroecosystem simulations, and thus represent the actual landscapes of the central Great Plains with a higher degree of realism.
BATS class
In spring when many agricultural crops are planted and begin foliage production, the appearance of leaves triggers a rapid increase in transpiration (Schwartz and Karl 1990 ) and changes in surface albedo. As plants grow and LAI changes, consequent changes in surface albedo, bulk canopy conductance, and roughness length occur, accompanied by changes in surface fluxes of sensible and latent heat and momentum. Experimental data indicate that at least some biophysical parameters (LAI canopy height, bulk canopy conductance, fractional canopy cover) vary significantly throughout the growing season (five-fold changes). Such changes have a noticeable effect on the fluxes of sensible and latent heat, which is confirmed by many observational (Kim and Verma 1990; Verma et al. 1992 ) and modeling (Bonan et al. 1993; Viterbo and Beljaars 1995) studies. Subsequently, the thermodynamic properties of the atmospheric boundary layer are altered Schwartz 1992 ) including daily maximum air temperature, lower-atmospheric lapse rate, surface vapor pressure, and relative humidity. In drought years in the Midwest and the Great Plains of North America, such as 1988 and 1989, extensive plant wilt in response to severe moisture stress has been suggested to act as a positive feedback mechanism to drought intensification (Trenberth and Branstator 1992; Trenberth and Guillemot 1996) by reducing evapotranspiration, and as a negative feedback mechanism to drought duration by more rapidly eliminating the original soil moisture deficit. Thus, by neglecting the effect of drought-stressed vegetation in land surface models, the severity of droughts is likely to be underestimated and their duration overestimated (Dirmeyer 1994) .
The principal objective of this paper is to investigate the effect, over a predominantly agricultural central U.S. domain, of crop development and growth on the warmseason mesoscale sensible and latent heat fluxes. The follow-up paper (Part II) explores the effect of the resultant changes in surface fluxes on the atmospheric boundary layer (ABL). In order to address the abovestated objective, the National Center for Atmospheric Research Regional Climate Model (NCAR RegCM)/ BATS configuration was interactively coupled to a physiologically based crop model (CERES-Maize). We strived to develop a comprehensive agroecosystem-hydrological-atmospheric model, which would allow interactive studies of the mesoscale climate, local, and mesoscale soil moisture changes and ecosystems over predominantly agricultural domains (i.e., the Great Plains and Midwest regions of the United States). Some results of Mearns et al. (1996 Mearns et al. ( , 1997 suggest the potential importance of representing two-way agroecosystem-climate interactions over predominantly agricultural central United States.
Through a robust representation of seasonal changes in plant development and growth and associated changes in local and mesoscale soil moisture patterns, we will demonstrate the effect of the interactively simulated LAI and canopy height on model-simulated sensible and latent heat fluxes and momentum flux and on mesoscale atmospheric circulations and ABL structure over the central United States. Both interactive and control simulations were conducted in two modes: stand-alone runs driven with observed weather (described in this paper) and runs coupled to the National Center for Atmospheric Research Regional Climate Model (described in a follow-up paper, Part II). We validated results of this modeling study against field data over the central United States. In a broad sense, this research should improve our understanding of the factors controlling seasonal variability in land surface hydrology and mesoscale climate over the central Great Plains region of North America.
Model description
Two models were employed in this study, the Biosphere-Atmosphere Transfer Scheme version 1e, BATS1e, and CERES-Maize version 3.0. The physical parameterizations employed by BATS are described in detail in Dickinson et al. (1993) . The detailed description of the CERES-Maize model can be found in Jones and Kiniry (1986) . Here we provide a brief summary for each model.
a. BATS 1e model description
BATS is a surface physics/soil hydrology model that incorporates a vegetation layer, three soil layers for moisture, and two soil layers for temperature. At an atmospheric model grid point, a vegetation class is assigned, which is defined by several parameters including maximum and minimum LAI, stem area index (SAI), minimum stomatal resistance (R smin ), and maximum fractional vegetation cover ( f max ). These parameter values for agroecosystems, the vegetation class simulated in this study, are given in Table 1 .
A schematic representation of the components of the surface sensible and latent heat flux calculations is given in Fig. 1 . BATS assumes that a grid cell is composed ) and those from the canopy (H , LE ).
Sensible heat fluxes from the vegetated fraction of a grid cell are computed as
where
In this formulation, u is the wind speed at the lowest atmospheric level; u is the wind speed within the canopy; a is the density of surface air; f is the fractional vegetation cover for each grid cell; C p is the specific heat of air; C D is the surface drag coefficient; C SOILC is the transfer coefficient between the canopy air and underlying soil (C SOILC is assumed to be 0.004, see Dickinson et al. 1993) ; L is the leaf area index; S is the stem area index; is the aerodynamic resistance between Ϫ1 r la leaves and air; T a is the air temperature above canopy; T av is the canopy air temperature; T is the canopy temperature; T g1 and T g2 are the temperatures of the surface and subsurface soil layers, respectively.
Similarly, latent heat flux from the vegetated fraction of a grid cell is calculated as
In this formulation, q a is the specific humidity of the lowest atmospheric layer; q av is the specific humidity of canopy air; is the saturated specific humidity at SAT q canopy temperature;
is the saturated specific hu-SAT q g midity at soil surface temperature; f g is the ground wetness factor, defined as the ratio of actual to potential ground evaporation; and rЉ is the fraction of potential evaporation from the leaf. Calculation of rЉ includes transpiration from the dry fraction of the canopy, the effect of canopy resistance, and accumulated dew on the leaves:
where r s is stomatal resistance and is a function of temperature, radiation, soil moisture, and vapor pressure deficit; ␦ is a step function and is 1 for positive argument and 0 for nonpositive argument; L W is the ratio of wetted leaf-stem area to total leaf-stem area exchanging water with the atmosphere; L d is the unwetted fraction of leafstem area free to transpire. Here, is the evaporation WET E f of water on wet foliage (leaves and stems) per unit wetted area and is calculated as (each term of this equation is defined above)
The surface area of vegetation per unit area of ground consists of leaf area index (L), or transpiring leaf surfaces, and stem area index (S), or nontranspiring surfaces. In BATS, the stem area index is a constant for each land type, whereas leaf area index has a seasonal variation. Seasonal LAI is calculated as a quasi-climatologically prescribed function of subsoil temperature, T g2 [see Dickinson et al. (1993) for details]:
The fluxes from bare soil are computed using the standard bulk transfer method,
a D
The soil moisture calculations include predictive equations for water content of the surface soil layer, the root zone, and the deep soil layer corresponding to VOLUME 14 Floral initiation to 75% silking 75% silking to beginning of grain fill Beginning of grain fill to maturity Maturity to harvest Roots, stems, ear Roots, stems Roots, stems, grain depths of 0.1, 1, and 10 m, respectively. BATS soil texture classes ranging from 1 (sand) to 12 (clay) are derived from the Zobler World Soil Data File (Zobler 1986 ) and the Goddard Institute for Space Studies (GISS) Global Data Set of Soil Particle Size Properties (Webb et al. 1991 Tsuji et al. 1994 ) is a physiologically based comprehensive crop model. It calculates crop phasic development and dry matter accumulation and allocation between plant parts based on genetic and weather information. The CERES family of models uses a daily time step and simulates growth and development of such crops as maize, wheat, sorghum, and rice as well as C3 and C4 grasses. In this study we used the maize model of the CERES family. It has been validated over the central Great Plains of the United States (Kiniry et al. 1997; Pang et al. 1997) and has been applied to numerous climate change impact analyses Rosenzweig 1990) .
CERES requires four kinds of input data: (a) daily weather data, (b) plant genetic coefficients, (c) soil data, and (d) management. Weather inputs are daily solar radiation (MJ m Ϫ2 day Ϫ1 ), maximum and minimum air temperature (ЊC), and precipitation (mm day Ϫ1 ). Genetic inputs are coefficients related to photoperiod and temperature sensitivity. They are cultivar-specific and include (i) thermal time from seedling emergence to the end of the juvenile phase (P1), expressed in degree days above the base temperature of 8ЊC; (ii) extent to which development is delayed for each hour increase in photoperiod above the longest photoperiod at which development proceeds at a maximum rate (P2), expressed in days; (iii) thermal time from silking to physiological maturity (P5), expressed in degree days above the base temperature of 8ЊC; (iv) maximum possible number of kernels per plant (G2); (v) kernel filling rate during the linear grain filling stage and under optimum conditions (G3, mg day Ϫ1 ); and (vi) phylochron interval (PHINT), the interval in degree days between successive leaf tip appearances. Genetic coefficients used in this study are given in Table 2 . They are based on Pioneer3382 hybrid and adjusted to achieve a better agreement with field data.
Soil inputs include soil albedo, soil depth, drainage and runoff coefficients, evaporation limit, soil water holding capacity amounts, and rooting preference coefficients at several depth increments. CERES also requires that saturated soil water content and initial soil water content (soil water content on the first day of simulation) be specified. Management inputs are plant population density, planting depth, and date of planting. If irrigation is used, the date of application and amount should be specified. Latitude of the site should be specified as well.
CERES-Maize incorporates the fundamentals of light interception by crops, the uptake of carbon dioxide and its conversion to biomass, and the partitioning of the biomass into the growing organs of the plants, as well as the losses of biomass to respiration and death of plant organs. At the core of CERES-Maize there is a crop growth submodel, which incorporates such physiological processes as: 1) carbon assimilation (photosynthesis); 2) carbon loss (respiration); and 3) carbon allocation (partitioning). Plant growth is usually simulated for optimum conditions, and then various stresses (nutrient, water, heat, etc.) are imposed.
In this paper we focus on the aspects of CERESMaize that deal with the simulation of plant phasic development, and plant growth and organ development. Phasic development in CERES v3.0 deals with the duration of growth stages. The growth stages are organized around times in the plant life cycle when changes occur in partitioning of assimilate among different plant organs. The growth stages are numbered between 1 and 9. Stages 1-5 are active above-ground growing stages and the remainder are used to describe other important events in the crop cycle. The growth stages for maize are represented in Table 3 .
Phasic development in CERES v3.0 is influenced by both genotype and environment. Genotypic coefficients used in this study are given in Table 2 . The key environmental variables are temperature, soil moisture (for germination), and day length (for flowering). It is assumed that development rates are directly proportional to temperature in the range from the base (8ЊC for maize) to some maximum (34ЊC for maize) temperature. Thus daily temperature above 8ЊC is accumulated and is referred to as thermal time. When the minimum temperature is above the base temperature and the maximum is below 34ЊC, thermal time for a day is assumed to be
the mean of the two values. If either the maximum or the minimum temperature is outside of this range, a separate thermal time calculation is made using the mean temperature and temperature range.
Phasic development is also a function of photoperiod. Photoperiodic induction is assumed to decrease with increasing photoperiod for photoperiods greater than 12.5 h. The number of days of tassel initiation delay for each hour increase in photoperiod is assumed to be a constant for any given photoperiod-sensitive cultivar.
After the growth stage has been determined, dry matter accumulation by individual plants is calculated and allocated between different plant parts (i.e., leaves, stems, roots, grain). First, potential dry matter production (PCARB, g/plant) is calculated as a function of photosynthetically active radiation (PAR), plant population (PLANTS) specified a priori, and LAI:
. PLANTS This equation implies that leaf interception of PAR obeys Beer's law, the extinction coefficient is 0.65, and 5.0 g of dry biomass is produced per MJ of intercepted PAR under nonstressed conditions. The actual rate of dry matter production (CARBO) is a function of the potential rate decremented by moisture (SWFAC), temperature (PRFT), or nutrient (NSTRESS) stress:
The actual accumulated biomass is then partitioned between plant parts (leaves, roots, stems, grain). This partitioning is highly growth-stage-specific. We use growth stage 1 here as an example. After emergence and before the end of juvenile stage (stage 1) all biomass is partitioned between leaves and roots. When the leaf number is less than 4.0, daily growth of leaf area per plant (PLAG) is a function of leaf number (XN); the fraction of a leaf emerging on a day (TI), and a zeroto-unity water deficit factor for plant cell expansion (TURFAC):
When the leaf number is greater or equal to 4.0:
Total plant leaf area (PLA) is then updated:
PLA is set to zero at the beginning of a growing season.
New accumulated leaf weight (XLFWT) for current day is calculated next:
1.25 PLA XLFWT ϭ .
267.0
The daily rate of leaf growth (GROLF) is calculated from XLFWT and the previous day's value of leaf weight (LFWT):
Since only leaves and roots are growing during this phenological stage (between emergence and end of juvenile period), daily root growth (GRORT) is the difference between the actual dry matter production on the day (CARBO) and GROLF:
If GRORT is less than (0.25 CARBO), reserve carbohydrate in the germinated seed (SEEDRV) is used to maintain the rate of root growth, and SEEDRV is reduced accordingly.
Finally, total leaf senescence since emergence due to normal phenological development (SLAN) is calculated as a function of growing degree day accumulation (SUMDTT) and total PLA: SLAN ϭ SUMDTT · PLA/10 000.
Senescence is initially slow, increasing as the plant approaches physiological maturity. In addition to natural senescence with normal phasic development, low temperature, water deficit, and competition for light in dense canopies can accelerate senescence.
During later growth stages, CARBO is partitioned not only between leaves and roots but also stems, ears, and grains. After biomass accumulation and allocation are simulated on a plant level, they are scaled up to canopy level as a function of plant population density specified a priori. Leaf area index is calculated as a function of the total amount of PLA that has been produced, the total plant leaf area that has senesced (SENLA), and PLANTS:
As shown above, plant leaf area has an important influence on light interception and dry matter production. The rate of leaf area expansion is a component of plant growth that is quite sensitive to environmental stresses. For example, leaf growth is more sensitive to water stress than is photosynthesis. In addition, the optimum temperature for leaf growth is several degrees higher than for photosynthesis. Thus, cool temperatures or moderate drought stresses reduce expansion growth more than photosynthesis is reduced, causing increases in specific leaf weight and increasing the proportion of assimilate partitioned to roots. CERES accounts for these plant responses by using separate relationships to calculate the influence of temperature and water stress on photosynthesis and leaf growth. CERES v3.0 calculates the soil water balance for a layered soil in order to determine reduction in growth rate caused by soil water deficits. For multiyear simulations, it also calculates the soil water when the crop is not growing, enabling the calculation of soil moisture accumulation from the practice of fallowing. Evapo-VOLUME 14 J O U R N A L O F C L I M A T E transpiration in the model (which is divided into plant transpiration and soil evaporation components) is driven by solar radiation and temperature, based on the equilibrium evapotranspiration concept (Priestly and Taylor 1972). The water content of multiple soil layers is calculated based on changes in evaporation, root absorption, and flow to adjacent layers. Runoff is calculated using the USDA Soil Conservation Service Curve method (Williams et al. 1982) .
Three soil water deficit factors are defined based on layer water contents that are then used to modify root growth, photosynthesis and transpiration, and leaf and stem growth. These are unitless numbers ranging from 1 (no stress) to 0 (maximum stress). The soil water deficit factor 1 (SWFAC) affects photosynthesis and transpiration. It is defined as the ratio of total daily root water uptake from the soil and potential plant evapotranspiration. The soil water deficit factor 2 (TURFAC) is used to determine the reduction in plant cell expansion and is calculated similar to SWFAC. The soil water deficit factor 3 (SWDF) is used to calculate root growth and water uptake. It is defined as the ratio of available soil water (actual soil water content minus soil water content at wilting point) to extractable soil water content for a given soil layer, which is defined as the difference between the soil water content at field capacity and the soil water content at wilting point.
Materials and methods
Ten years of weather data (1986-95) were examined for seven locations in central and eastern Nebraska and eastern Kansas: Lincoln, Mead, Clay Center, Concord, West Point, Grand Island, and Manhattan. The years were subdivided into two categories: (a) dry years, and (b) years with normal and above normal precipitation. Two criteria were used to classify the data: the total amount of precipitation during the growing season (as compared to the 10-yr mean and standard deviation), and the 6-month (1 April-30 September) Standardized Precipitation Index (SPI; McKee et al. 1993) . Over the central Great Plains, the years 1988 and 1989 were drier than normal, whereas the rest of the years had normal to above-normal precipitation (note the flood year of 1993). SPI values for 1988 and 1995, a dry and a normal year, respectively, are shown in Figs. 2a,b .
We ran a 10-yr (1986-95) simulation with CERES v3.0 crop model. The input weather data, which includes incoming solar radiation (W m Ϫ2 ), daily maximum and minimum air temperature (ЊC), and precipitation (mm), were obtained from the Automated Weather Data Network (AWDN; Hubbard 1994) stations operated by the High Plains Climate Center of the University of Nebraska-Lincoln. The weather data had been collected at 1-min time intervals by the AWDN stations, and averaged over a daily time step, necessary to drive CE-RES. The genetic coefficients used in this study are specified in Table 2 and are typical for maize hybrids grown in the central Great Plains (Kiniry et al. 1997; Jones and Kiniry 1986) . The soils differed between locations gravitating toward medium silty loam in the east and medium sandy loam in the west. The soils used in BATS were tuned to CERES soils (e.g., sand to silt to clay ratio, soil albedo). Planting dates varied between locations from 20 April to 4 May. Dryland (no irrigation) option with 200 kg of nitrogen per hectare was used.
In order to estimate the effect of LAI and plant height changes on the fluxes of heat, moisture, and momentum, we performed a series of experiments with BATS. We selected three years: a dry year, 1988, a wet year, 1993, and a relatively normal year, 1995. For each of the three years, BATS was driven with the observed weather data in a manner similar to that of CERES (described above), but at an hourly time step. The weather data included incoming solar radiation (W m Ϫ2 ), air temperature (ЊC) measured at anemometer (1.5 m) height, and precipitation (mm). The soil moisture in BATS was initialized at field capacity. The model was run twice for each year in a consecutive mode to allow the soil moisture to equilibrate for each of the weather scenarios. The output of the second consecutive year run was then analyzed. For each of the three years, we tested the sensitivity of BATS-simulated sensible and latent heat fluxes to changes in the LAI, and the sensitivity of BATS-simulated momentum flux to changes in surface roughness length associated with the canopy height changes. The list of LAI-sensitivity experiments is given in Table 4 and the list of surface roughness length-sensitivity experiments is given in Table 5 .
Results and discussion

a. Incorporating ''growth function'' into BATS
We incorporated CERES formulations of maize phenological development and growth [hereafter referred to as the ''growth function'' (GF)] into BATS. This enabled BATS to account for, among other factors, the effect of moisture stress on maize development and growth.
Under no moisture stress conditions, a complete agreement between CERES-simulated LAI and BATSGF-simulated LAI is seen for all the years and all the locations (not shown here). This was expected since both models incorporate the same algorithms to simulate maize development and growth, and under conditions of no moisture stress LAI in both CERES and BATS-GF is a function of solar radiation and air temperature only. Both CERES and BATS-GF were driven with the same input weather dataset (which included solar radiation and air temperature) compiled from AWDN station data. Under limiting soil moisture conditions, the degree of water stress experienced by plants is an additional variable affecting plant development and growth. The two variables in CERES and BATS-GF that determine the effect of water stress on plant growth, SWFAC and TURFAC, were allowed to vary in response to changing soil moisture conditions. In CERES, SWFAC is defined as the ratio of total root water uptake to potential transpiration, and TURFAC is set to 0.67 SWFAC. In BATS, there are no parameter analogues to total root water uptake. Also, only three soil layers are allowed for soil water balance calculations and only two of them are in the root zone. Therefore, in BATS-GF we defined SWFAC and TURFAC in another way, but closest to the CERES formulations. After many tests over the domain of interest we came up with the following formulations: soil water Ϫ wilting point SWFAC ϭ . field capacity Ϫ wilting point Thus, this modified form of SWFAC is essentially the ratio of available soil water to maximum available soil water, and TURFAC ϭ 0.67 SWFAC. Figure 3 shows the locations around the domain where the above relationships were tested. There is a generally good agreement between CERES-simulated LAI and BATSGF-simulated LAI at all the locations in 1986-95 (Fig. 4 shows the case for Grand Island for three distinctly different years). The agreement was best during the years with moderate to low water stress, 1993 and 1995. Under strong water deficit conditions (1988, 1989 ) the agreement was still generally good, but more discrepancies were observed. During the dry years , maximum values of LAI varied between 1 and 3, depending on the location, whereas during the years of abundant precipitation (1987, 1990, 1992, 1993, 1995) , LAI peaked at about 4. No such trend in LAI is observed in the case of BATS because the formulation of LAI in the model does not account for moisture stress (see section 3a). Figure 5 compares LAI simulated by CERES, BATS, and BATS-GF models to actual LAI observed during the 1994-96 field experiments by J. Lindquist (Lindquist 1997) of the Department of Agronomy, University of Nebraska at Lincoln. For all three years, LAI values simulated by CERES and BATS-GF models are much closer to the observed values than is BATS-simulated LAI.
It should be noted that significant limitations of BATS related to the coarseness of its soil water balance formulation limited our ability to adequately represent root growth. There are essentially only two soil layers in the root zone in BATS and there are inherent problems with Clapp and Hornberger (1978) soil moisture potential formulation employed in BATS (Cuenca et al. 1996; Ek and Cuenca 1994) . The Clapp and Hornberger (1978) functions were developed based on analysis of soil samples taken from several locations throughout the United States, but only 80% of the initial samples were used in the final analysis. The rest were discarded as they deviated significantly from the proposed function and were felt to lie beyond the bounds of reasonable expectation. The limitations of BATS have been acknowledged and are being addressed by other researchers (Dickinson et al. 1998) . During the next stages of this project we plan to address this issue explicitly by substituting BATS soil water balance submodel with that of CERES.
b. Sensitivity of BATS-simulated sensible and latent heat fluxes to incorporating CERES development and growth functions
The net radiation received at the surface is generally balanced by outgoing fluxes of latent (LE) and sensible (H) heat and a downward flux into the soil (G) below the surface,
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Over a diurnal cycle or longer, G averages to be a relatively small term, generally not more than 10% of R net . For this to be the case, the sum of the outgoing sensible and latent heat fluxes must nearly equal the energy received at the surface. The magnitude of the ratio of sensible to latent heat flux, the Bowen ratio (B ϭ H/LE), can be important in characterizing local and regional climate. Sensible heating of surface air creates greater instability and can result in more turbulent mixing and vertical growth of the daytime boundary layer. The energy stored in water vapor is transported vertically from the surface as latent heat flux, which is a significant source of energy in driving convection and storms. Since these two modes of heat release have very different effects on the internal heating and radiative properties of the atmosphere, the accuracy with which incoming solar energy is partitioned into these outgoing fluxes can be quite important for the realism of atmospheric simulations. The partitioning of R net into H, LE, and G has been one of the most difficult problems in constructing land surface schemes (Sellers 1992) .
To investigate the sensitivity of BATS-simulated sensible and latent heat fluxes to changes in Leaf Area Index, we conducted four sets of experiments (see Table  4 ). In each of these experiments, BATS was driven with the actual weather data observed by an AWDN station located in Grand Island, Nebraska. The same three years were considered: 1988 (a dry year), 1993 (a year of higher than normal precipitation), and 1995 (a year with precipitation around the mean). The driving weather conditions for June and July 1988 and July 1993 are given in Fig. 6 to show the sharp contrasts between the years. We also note here that such strong interannual variability in precipitation is a known factor over the central Great Plains. In July 1988, the weather station recorded only 51 mm of precipitation whereas in July 1993, the monthly total precipitation was 287 mm. Low cloudiness in July 1988 (only 7 days with precipitation in the month) resulted in high amounts of incoming solar radiation (800-900 W m Ϫ2 ) and mean maximum daily air temperature of 31.3ЊC. Conversely, high cloud cover in July 1993 (17 days with precipitation) resulted in lower incoming solar radiation (500-800 W m Ϫ2 ) and
the mean maximum air temperature for the month was below 27.9ЊC, an unusually low value for July. In July 1995, the total monthly precipitation was 59 mm. This is still a rather low value; however, earlier in the growing season, in May and June 1995, the station received abundant rainfall and soil moisture reserves were close to field capacity by July. The incoming solar radiation was 700-850 W m Ϫ2 and mean maximum air temperature was 31.6ЊC.
For each set of experiments, LAI was changed incrementally from 0 (bare soil) to 6 (maximum LAI for crops in BATS). In all four experiments, the magnitudes of sensible and latent heat fluxes changed responding to the changes in LAI. As LAI goes up, an increase in LE is observed, as there is more leaf area to transpire ( Fig. 7 ; only results for June 1988 are shown here). This increase is particularly noticeable at lower values of LAI (less than 3), which is consistent with observations (Kristensen 1974 ). An increase in latent heat flux is followed by a decrease in leaf temperature and a relative decrease in sensible heat flux. In all four experiments, leaf temperature is lower for LAI ϭ 4 (a typical maize peak-season LAI) compared to LAI ϭ 1 (a typical value for maize at the end of June; Fig. 8 ).
At lower LAI values, the partitioning of available energy appears to be, not surprisingly, a function of available water. For the same value of LAI (i.e., LAI ϭ 1), sensible heat is generally higher than latent heat in June 1988 and lower than latent heat in July 1993. This is due to the fact that at low LAI, the role of plants in extracting soil moisture from deeper layers and releasing it through transpiration is limited and evaporation becomes an important variable determining the magnitude of latent heat flux. In June 1988, there was little soil moisture available (low precipitation in June, which was preceded by relatively dry spring). In July 1993, on the other hand, even at LAI ϭ 1 latent heat dominates over sensible heat as there is enough water in the upper soil for evaporation to be consistently high. It can also be seen from Fig. 7 that the partitioning of energy between the sensible and latent heat fluxes was related to rainfall occurrence. On rainy days and shortly thereafter, latent heat dominated the surface energy balance, whereas during dry periods, sensible heat was the dominant component.
As leaf area index went up, stomatal resistance generally increased; it was consistently higher for LAI ϭ 4 than for LAI ϭ 1 (not shown here). Such stomatal behavior has to do with the fact that in BATS stomatal resistance is a function of soil moisture. At LAI ϭ 4, plants were transpiring more water (as there was more leaf area and thus more stomates), thus depleting soil moisture faster compared to the LAI ϭ 1 case. Under lower soil moisture (LAI ϭ 4 case) plants were experiencing higher water stress, which resulted in partial closure of stomates (stomatal resistance went up).
Having seen a strong response of BATS to LAI changes in each of the years under consideration, we then examined the differences in BATS-simulated sensible and latent heat fluxes resulting from the inclusion of CERES growth and development functions into BATS. The same three years were considered (1988, 1993, and 1995) . Each experiment was driven with observed weather data and run twice in a consecutive mode to allow for soil moisture to equilibrate, much in the same way as the experiments described above. In the first case, LAI was simulated by the standard version of BATS, BATS 1e, and in the second case, CERES-simulated LAI (more precisely, the version of BATS, BATS-GF, where CERES algorithms were used to simulate LAI, among other variables) was used. Statistical tests were performed to determine the significance levels of differences between the two simulations. These are paired t tests adjusted for temporal autocorrelation in the data; see Katz (1982) for details on the tests. The statistical tests were performed on daily LAI values (thus the sample size was 30 for June and 31 for July) and on 1-h latent and sensible heat fluxes and momentum flux values (thus the sample size was 720 for June and 744 for July). Figure 9 shows leaf area index values for both experiments. The biggest difference in LAI between BATS-and CERES-simulated LAI was in 1988. It results from the fact that in BATS, LAI is a function of subsoil temperature only and does not change in response to moisture stress. In CERES, on the other hand, LAI is a function of multiple factors, including incoming solar radiation, soil temperature, soil moisture content, and soil nitrogen content (assumed to be unlimiting in these simulations). It is therefore not surprising that the biggest differences between the models come about during the drier 1988 year compared to 1993 and 1995, the years with more abundant precipitation. The differences in LAI between the two simulations are statistically significant with over 99% confidence levels ( p Ϫ values Ͻ0.01) for all four months. Figure 10 shows the sensible and latent heat fluxes simulated by BATS with (a) LAI simulated with the standard version of BATS, BATS le; and (b) LAI simulated by CERES development and growth functions within the modified version of BATS, BATS-GF. Again, the biggest differences between the two cases are seen in June and July of 1988. The mean difference in latent heat flux between the two cases (BATS -BATSGF) was 21. Ϫ2 for latent heat flux. In July 1995, the mean difference in sensible heat flux between the two simulations was Ϫ5.1 W m Ϫ2 and the mean difference in latent heat flux was 6.8 W m Ϫ2 . The differences in sensible and latent heat fluxes between the two simulations were statistically significant with over 99% confidence levels ( pϪvalues Ͻ0.01) for all four months. Differences were largest during the afternoon hours and smallest at night. Besides the effect on the magnitude of latent heat flux, LAI has an effect on the relative contributions of transpiration and evaporation to the net latent heat flux (Fig. 11) . It can be seen that in July 1988, transpiration was unrealistically high in the BATS-generated LAI scenario and dominated over evaporation. For the same period of time when CERES-generated LAI was used, not only did the magnitude of latent heat flux decrease significantly, but also evaporation became the dominant factor determining latent heat flux. In July 1993, a different situation is seen. In both BATS-and CERESgenerated LAI cases, transpiration dominated over evaporation in terms of the relative contributions to latent heat flux. The magnitude of transpiration was somewhat higher in case of BATS-generated LAI, by a mean monthly value of 5.3 W m Ϫ2 . In July 1995, transpiration also seemed to dominate over evaporation, but the difference between the two cases was higher than in July 1993, a mean monthly difference of 11.1 W m Ϫ2 .
c. Sensitivity of BATS-simulated momentum flux to canopy height
We introduced a series of equations into both CERES and BATS models to calculate maize canopy height. The equations were taken from the ALMANAC model (Kiniry et al. 1997; Spanel and Taylor 1996) and are given below: Here syp is the fraction of the heat units to maturity that has accumulated by a given day of simulation; hmx is the maximum height (we used hmx ϭ 2.0 m); and cht is height on a given day of simulation.
To account for the effect of moisture stress on canopy height increase, we assumed that if the soil water deficit factor, SWFAC, was equal to or less than 0.5, no daily accumulation of plant height was achieved. Such an assumption is based on Penning de Vries et al. (1989) . CERES-simulated maximum plant height generally varied between 1.8 m and 2 m, and during the drought years (1988, 1989) was significantly less (Fig. 12) .
In the following set of experiments, we examined the sensitivity of BATS-simulated momentum flux to changes in roughness length associated with the seasonal changes in maize canopy height. In BATS, the momentum flux is a function of wind speed above the canopy, surface roughness length, and atmospheric stability (which is a function of the Richardson number, R i ). The R i is defined as
Here, g is the acceleration due to gravity; ‫‪z‬ץ/ץ‬ and ‫‪z‬ץ/ץ‬ are the vertical gradients of mean potential temperature and mean horizontal wind speed; and T is the mean absolute temperature (K). Figure 13 gives hourly values of above-canopy wind speed observed by the AWDN station in Grand Island that were used to drive the model. The wind speed values range between about 0 and 10 m s Ϫ1 with gusts on one day in July 1993 of up to 16 m s Ϫ1 . The wind speeds are generally lower at night than during daytime. July 1993 is characterized with the lowest and June 1988 the highest wind speeds for the four sets of experiments. We ran BATS twice for each of the years 1988, 1993, and 1995 (same as in section 5.2) and used two values of roughness length (z 0 ϭ 0.06 m and z 0 ϭ 0.2 m) to initialize the model. The ratios of surface roughness length to canopy height generally found in the literature are 0.14 to 0.10 (Dorman and Sellers 1989; Monteith and Unsworth 1990) . Therefore, surface roughness length of 0.06 m (the standard BATS value for agroecosystems) would correspond to canopy height of about 0.6 m and surface roughness length of 0.2 m would correspond to canopy height of about 2 m (a typical peak growth height for maize). length scenarios. In all four cases, momentum flux is higher when z 0 ϭ 0.2 m compared to the case of z 0 ϭ 0.06 m. The highest momentum flux values in both cases were simulated for June 1988, when the combination of wind speed, and surface and air temperatures created the most unstable conditions. July 1993 and July 1995 had the lowest values of momentum flux associated generally with lower wind speeds and highest atmospheric stability. The ratio of friction velocity to mean wind speed (for wind speeds in excess of 2 m s Ϫ1 ) varied from 0.055 in July 1993 to 0.064 in July 1995 for z 0 ϭ 0.06 m. For z 0 ϭ 0.2 m case, this ratio was generally higher, between 0.080 and 0.093.
Summary and conclusions
In this paper, we introduced a crop growth model (CERES v3.0) and a biophysical model (BATS), which, when interactively coupled, can quantify the effect of seasonal and interannual variability in crops on the sensible and latent heat fluxes and on the partitioning of the available energy between them. We found substantial differences in surface fluxes of sensible heat, latent heat, and momentum between the current version of BATS (BATS 1e) and the interactive version, BATS-GF. Changes of up to 35% in H and 45% in LE were simulated when LAI was changed from 1 to 4. Relative contributions of evaporation and transpiration to the latent heat flux were also significantly affected by these LAI changes. We also note that in this study, BATSsimulated H and LE responded most dramatically to incremental LAI changes at values below 4. These findings are generally consistent with results of other researchers (Bonan et al. 1993; Pitman 1994; Gao et al. 1996; Xue et al. 1996) . Up to 100% changes in momentum flux were simulated in response to canopy height change from 0.6 m (value used in BATS 1e for crops) to 2.0 m (typical value for corn at maturity).
The results of our experiments presented in this paper point to the importance of interactively modeling vegetation growth for determining surface fluxes of heat, moisture, and momentum. This may be most important in years of moisture stress (such as 1988 and 1989 in the Great Plains) and also appears to influence the interannual variability of simulated fluxes (interannual variability in H and LE was higher in the interactive compared to control simulations). Further experiments were conducted to investigate the effect of simulated changes in surface fluxes on mesoscale atmospheric circulations. The results of such coupled experiments are presented in the follow-up paper, Part II. VOLUME 14 J O U R N A L O F C L I M A T E in this study. We acknowledge the National Drought Mitigation Center of the University of Nebraska for providing the data for the Standardized Precipitation Index. Finally, we thank Dr. A. Weiss of the University of Nebraska and anonymous reviewers for useful editorial comments. The National Center for Atmospheric Research is sponsored by the National Science Foundation.
